Abstract. In the present study, we have tested the hypothesis that fusion between an altered cell and a mesenchymal stem cell produces a hybrid cell with enhanced characteristics associated with metastatic cancer cells, and we have developed a flexible model for investigating the mechanisms of metastasis. Human HepG2 cells with low metastatic potential were induced to fuse with rat bone marrow mesenchymal stem cells, and the progeny were compared with the parental cells for possession of enhanced in vitro and in vivo characteristics of malignant cells. Compared to the parental cells, the fused cells exhibited enhanced expression of E-cadherin, vimentin, Twist, Snail, matrix metalloproteinase 2 and 9 activities, aneuploidy and enhanced in vitro invasion and migration. In an in vivo xenograft assay, the fused cells generated increased numbers of metastatic liver and lung lesions. This model system is a flexible tool for investigation of the mechanisms of stem cell fusion in carcinogenesis and metastasis and for the discovery of new therapeutic targets to inhibit metastasis.
Introduction
Numerous factors involved in the most deadly consequences of carcinogenesis and metastasis, are poorly understood. Interactions between motile stem cells and other cell types have been proposed to contribute to the mechanisms of carcinogenesis and acquisition of metastatic ability. Cell-specific in vivo models to explore these mechanisms could provide valuable insights into potential therapeutic targets. A well-established multi-step hypothesis has emerged from characterization of the hallmarks and genetic interactions associated with cancer; that accumulation of specific cellular genetic mutations can lead to carcinogenesis, malignancy and metastasis (1, 2) . Although mutations surely play a role in carcinogenesis, clearly the initiation and progression of cancer involves more than genetic alterations alone. Other critical factors include the tumor microenvironment, inflammation (3), interactions with tumor stromal cells (4) , [including myofibroblasts (5) ] and recruitment of mesenchymal stem cells (MSCs) to the tumor microenvironment (6, 7) . The recent discoveries of stem cells and cancer stem cells and investigations of their potential roles in cell fusion, carcinogenesis and metastasis have led to novel perspectives and approaches concerning the mechanisms of metastasis.
He et al (8) proposed a stem cell fusion model in which altered pre-malignant cells (including benign tumor cells) fuse with bone marrow-derived MSCs, to form a hybrid cancer cell with the hallmarks of metastatic cancer (2) , and expressing other common phenotypes associated with malignancy. This
Fusion of HepG2 cells with mesenchymal stem cells increases cancer-associated and malignant properties:
An in vivo metastasis model hypothesis suggested that cell fusion and gene mutations are both important components of comprehensive carcinogenesis mechanisms. The hypothesis provided explanations for: i) the remarkable similarities between malignant cells and stem cells; ii) the ability of non-mutagens to be carcinogens; iii) the ability of non-mutagenic processes, such as wound healing or chronic inflammation, to promote malignant transformation and iv) the generation of aneuploidy and other common characteristics of malignant cancer cells. The observation of spontaneous or induced fusion of highly motile macrophages, monocytes, tissue stem cells or bone marrow-derived mesenchymal cells with differentiated or tumor cells, yielding hybrid cells with altered properties, has been reported (9) . The fusion of various types of cells as a driver of metastatic cancer has been discussed in recent excellent reviews including Lu and Kang (10,11), Bjerkvig et al (12) , and Pawelek and Chakraborty (13) .
In the present study, we performed in vitro and in vivo experiments to explore the acquisition of enhanced malignant characteristics by cells derived from the polyethylene glycol (PEG)-induced fusion of rat bone marrow-derived MSCs and HepG2 cells. To distinguish between the parental cells, rat MSCs were labeled with DiI, and HepG2 cells were labeled by transfection with a plasmid expressing enhanced green fluorescent protein. The resulting dual-labeled fused progeny cells were distinguished from parental cells and collected by flow cytometry. Several phenotypic characteristics of malignant cells [aneuploidy, in vitro migratory and invasive ability, epithelial-mesenchymal transition (EMT) markers and regulatory factors, matrix metalloproteinase (MMP)2 and 9 activity and in vivo formation of metastases] were compared in the parental and fused cells. The experimental observations reported in this study support our previously proposed mechanism and the role of the fusion of stem cells with altered cells in the development of metastatic ability.
Materials and methods

Mesenchymal stem cell isolation, culturing and identification.
Ten male Sprague-Dawley rats, 1 month in age, (Experimental Animal Center, Nanjing Medical University Center) with a body mass of 80-100 g were sacrificed and sterilized in 75% ethanol for 10 min. Bone marrow was isolated under sterile conditions from femurs and tibias as previously described (14) . To select a purified population of MSCs, briefly, bones were isolated and marrow was flushed out with serum-free (s-f) L-DMEM and filtered through a 0.1-µm filter. Cells were propagated by incubation in standard growth medium. Non-adherent cells were removed after 4 and 24 h and every 2-3 days thereafter by gently washing with medium. Cultures were passed at 80-90% confluency 3-4 times by detachment with 0.25% trypsin for 1 min. Flow cytometry was performed on trypsin-detached cells after washing and re-suspension with phosphate-buffered saline (PBS) 3 times. Antibody reagents for cell surface markers, including CD34, CD45, CD90 and CD105 (eBioscience, USA) were prepared according to the manufacturer's instructions and added to separate cell suspensions. The mixtures were incubated 20 min in the dark at room temperature (rt). The presence of specific cell markers was identified by flow cytometric analysis.
DiI labeling of MSC membranes. Confluent monolayers of MSCs were labeled for 3 h at 37˚C with 400 µg of DiI (Beyotime, China) in 20 ml Dulbecco's modified Eagle's medium (DMEM), following the manufacturer's instructions. DiI is a lipophilic carbon cyanine dye characterized by specificity, high sensitivity, and strong fluorescence on binding to plasma membranes, facilitating the observation of whole cells. The labeled cells were washed in PBS and used in the cell fusion protocol.
HepG2 cell culture and transfection. Human HepG2 cells (Shanghai Institutes for Biological Sciences, CAS) have a low metastatic phenotype. They were cultured in high glucose DMEM (H-DMEM, 4.5 g/l glucose; Gibco, USA), 10% fetal bovine serum (FBS), 2 mM L-glutamine and 100 U/ml penicillin/streptomycin. The cells were transfected with pEGFP-N1 plasmid, which encodes a gene for green fluorescent protein (HepG2-eGFP). Transfected cells were selected for 4 weeks in 500 µg/ml G418 (Invitrogen, USA). The fluorescence, monitored every 3 days, was retained during the selection and subsequent experiments. Then the HepG2-eGFP cells were identified and collected by flow cytometry.
Cell fusion and selection. A modification of the procedure of Köhler and Milstein was used (15) . Briefly, 5x10 5 MSCs were mixed with 1x10 5 HepG2 cells before washing 3 times by re-suspension in 30 ml s-f medium and centrifugation for 5 min at 1,000 rpm at rt. One milliliter of polyethylene glycol, PEG2000 (Sigma, USA) was slowly added to the washed cell pellet. Thirty milliliters of s-f DMEM was added to the cell-PEG2000 mixture after 1 min. The suspension was incubated in a 37˚C water bath for 10 min to allow fusion. The cells were pelleted, re-suspended in serum-containing DMEM, plated in standard growth medium, cultured 3 days, and sorted by flow cytometry to identify and collect the fused cells containing both GFP and DiI. Fused cells in culture retained their viability for 1 month. The cell fusion protocol used in this report is illustrated in Fig. 1A .
Chromosome analysis. Log phase HepG2-eGFP cells, MSCs and fused cells, suspended in s-f medium, were treated with 0.2 µg/ml colchicine and incubated for 3 h. The cells were then treated with 75 mM KCl for 30 min in a 37˚C water bath, fixed with methanol:acetic acid (3:1) mixture for 1 h at rt, dried on pre-cooled slides and stained with Giemsa solution (Invitrogen). Ten mitotic images were selected for each cell type, and the number of chromosomes in each image was counted using an inverted microscope (Olympus) with a x10 objective and a x100 oil immersion lens. The average chromosome number/cell was calculated for each cell type at 2 and 4 weeks after fusion.
Assays of cellular invasion and migration. Assays were performed in triplicate in Transwell dishes with 8 µm pore size inserts. Standard growth medium containing 20% FBS was placed in the bottom chambers of the Transwell dishes. Migrating or invading cells were counted at x100 magnification. One-way ANOVA was used to calculate p-values for the cell counts.
Migration assays. A suspension of 20,000 HepG2 cells, MSCs or fused cells in s-f DMEM was layered on uncoated inserts seated in Transwell dishes (Millipore, USA). Dishes were incubated for 16 h at 37˚C. The medium was removed from the upper and bottom chambers. The inserts were fixed 1 h with 4% paraformaldehyde and stained with 0.1% crystal violet at rt. Cells remaining on top of the insert were removed by scraping. Seven randomly selected fields of the invaded cells on the bottom of the insert were chosen and the number of invasive cells was counted.
Invasion assays. Transwell inserts were coated with 45 µl of a 1:8 dilution of Matrigel (Becton-Dickinson, USA) in s-f DMEM and incubated for 1 h to gel. A suspension of 40,000 cells in s-f DMEM was layered onto the inserts as described above and incubated for 36-48 h. The invading cells on the bottom of the inserts were stained, and seven randomly selected microscopic fields were counted.
Western blot assay. The fused cells, HepG2 cells (included for comparison with the HepG2-eGFP cells), HepG2-eGFP cells and MSCs were harvested and lysed on ice for 10 min in RIPA lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.2 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 1% NP-40 and 0.25% deoxycholate; Beyotime, China). Protein concentration was assayed with a BCA assay kit (Pierce, USA) according to the manufacturer's instructions. The assay was as previously described (16) with the following modifications. Fifty micrograms of proteins from each cell type were denatured 5 min at 95˚C in sample buffer (250 mM Tris, pH 6.8, 10% SDS, 50% glycerol, 5% mercaptoethanol and 0.5 mM bromphenol blue) and separated by electrophoresis on 10% SDS-PAGE gels. Equiloading of samples was detected with a 1:1,000 dilution of β-actin antibody (Cell Signaling), as per the manufacturer's protocol. Proteins were transferred onto PVDF membranes (Millipore). Membranes were blocked with 5% fat-free milk at rt for 2 h and cut. Sections were then incubated at 4˚C overnight with a 1:1,000 dilution of one of the following primary monoclonal antibodies: anti-vimentin (GeneTex), anti-Ecadherin, anti-Twist1, anti-Snail and with anti-β-actin (all from Cell Signaling) at 4˚C. After three washes for 10 min in PBS supplemented with 0.05% Tween-20 (PBST), the membrane was incubated with a peroxidase-conjugated secondary antibody (Zhongshan Golden Bridge Biotechnology) for 2 h at rt. Enhanced chemiluminescence reagent (Pierce) was used for detection as per the manufacturer's instructions. Gel images were scanned into a file and processed with PowerPoint software.
Gelatin zymography assays. For each of the three cell types, 2x10 5 cells/well in a 12-well plate were incubated for 12 h at 37˚C. The medium was removed, and 500 µl s-f DMEM was added to each well. After incubation for 24 h, the medium from each plate was harvested and pooled and separated by electrophoresis on a 10% SDS-PAGE gel containing 1 mg/ml gelatin to detect MMP2 and 9 activities. After electrophoresis, the gels were equilibrated in 2.5% Triton X-100 and incubated in renaturing buffer [50 mM Tris-HCl (pH 7.5), 10 mM CaCl 2 , 150 mM NaCl, 1 mM ZnCl 2 and 0.02% NaN 3 ] for 42 h at 37˚C. The gel was stained with Coomassie R250 and destained until clear bands of MMP activity were visible against the dark blue background. Activities of MMP2 and 9 were identified by comparing band mobility with molecular weight standards.
Images were obtained by scanning gels with Alpha Innotech gel imaging systems.
Xenograft assay. Six-week-old BALB/c nude mice were purchased from Shanghai Laboratory Animal Company. Mice were maintained in a pathogen-free environment, under temperature-controlled conditions. Cages, bedding and drinking water were autoclaved and changed regularly. Food was sterilized by irradiation. Mice were maintained at a daily cycle of 12-h periods of alternating light and dark.
The fused cells, HepG2 cells and MSCs were harvested, counted and centrifuged. For each cell type, 2.4x10 7 cells were suspended in 240 µl of Matrigel (Becton-Dickinson), and placed on ice. Twenty-one BALB/c nude male mice were randomly divided into three groups of seven mice, one group for each cell type. Before inoculation, all mice were anesthetized by intraperitoneal injection with 1% pentobarbital sodium (10 µl/g body weight) (Sigma, Germany). The peritoneal cavity was opened and the left liver lobe was exposed. The left liver lobe of each mouse was injected with 30 µl of Matrigel containing 3x10 6 cells. Implantation was finished within 6 h. The mice received gentamicin in drinking water (80,000 U/l) up to 1 week following implantation. Body mass and survival rate were calculated each week (data not shown). Surviving mice were sacrificed after 10 weeks and necropsied to assess metastatic tumor formation. The livers, lungs, kidneys and brains of mice in each group were isolated.
Histological preparation of the specimens. The liver, lung, brain and kidney were removed and fixed in 10% formalin, dehydrated and embedded in paraffin. Sections of 4-µm thickness were cut and stained with hematoxylin and eosin (H&E) for microscopic observation by a pathologist.
Results
Fusion of HepG2-eGFP cells with DiI-labeled MSCs generates dual-labeled progeny cells.
MSCs were selected from the total population of bone marrow-derived cells based upon their differential adherent properties in culture (14) . Since MSCs do not express a unique marker on their surfaces, their identification often involves screening for multiple surface markers such as CD34, CD45, CD90 and CD105. Flow cytometric analysis of MSCs showed that cell surface markers were characteristically positive for CD90 and CD105 and characteristically negative for CD34 and CD45 (data not shown) indicating that MSCs were not contaminated by hematopoietic cell lineages. As liver cancer cells can express some of the same CD markers as MSCs, we labeled the MSCs with DiI and HepG2 cells with the plasmid eGFP.
Rates of spontaneous fusion can vary between 1 in 10 2 to 1 in 10 6 in vitro (9) and in vivo (17) . Flow cytometric analysis, gated to select for only dual labeled cells, detected both labels in 6.9% of the total cell population after fusion was induced by PEG2000 treatment, an indicator of the efficiency of fusion (Fig. 1D) . The sorted fused cells were collected and cultured. They remained viable until use in the experiments 2 weeks later. The fused cells retained their GFP plasmidinduced green fluorescent properties for at least 1 month after fusion. DiI red fluorescence labeling was maintained in cultures for ~1 week. Fluorescence microscopy of both types of labeled progenitor cells [ (Fig. 1B and C , and the fusion hybrid 1 month after fusion (Fig. 1E)] , showed homogeneous labeling. In the Fig. 1E insert image of the fused cells, cells with more than one nucleus are visible. Many fused cells contained two nuclei initially, but after 36-48 h, contained only one nucleus. The marked mesenchymal morphology of long cellular extrusions, shallow cell bodies, and prominent nuclei observed in Fig. 1E , suggest that an EMT occurred.
Fused cells are aneuploids. If fusion occurs, the fused cells should initially contain more chromosomes per cell than either progenitor cell type. The average numbers of Giemsa-stained chromosomes/cell were compared for each type at 2 and 4 weeks after fusion, and are shown in Table I . The average chromosome count was markedly increased in the fused cells, and was not a multiple of the haploid chromosome number. This observation is characteristic of aneuploidy, and indicates that the cells contained chromosomes obtained from both MSCs and HepG2-GFP cells. There was no extensive loss of chromosomes in the progenitor cells over one month, the duration of observation, but the average chromosome counts for fused cells decreased 18% between 2 and 4 weeks, indicating that some chromosomal instability was present. The average chromosomal number/cell for each cell line and the fused progeny cells was determined at 2 and 4 weeks as described in Materials and methods. Standard deviations of the mean are indicated. The fused cells have a significantly greater alteration in the average number between 2 and 4 weeks in culture than the parental cells. MSCs, mesenchymal stem cells. 
Fused cells exhibit increased migration and invasion.
The number of fused cells migrating through the uncoated Transwell membranes was ~50% greater than the numbers of the MSCs or HepG2 cells (p= 0.015431 and 0.000613, respectively) ( Fig. 2A) . The fused cells were also ~50% more invasive through Matrigel-coated Transwell membranes than the HepG2 cells, and twice as invasive as the MSCs (p=0.014211 and 0.007125, respectively) (Fig. 2B) . Error bars represent the standard deviation of the cell number obtained for each field counted.
Fused cells exhibit increased EMT marker expression and increased levels of active MMP2 and MMP9
. After 1 month in culture, the fused cells exhibited morphology typical of mesenchymal cells, unlike their progenitors (Fig. 1E ). Epithelial cells undergoing EMT typically lose expression of epithelial markers such as E-cadherin and increase expression of mesenchymal markers including vimentin. Western blot assays detected reduced expression of E-cadherin and increased expression of vimentin in the fused cells when compared to HepG2 cells (Fig. 3A) . The EMT regulatory factors Twist1 and Snail were also highly expressed in the fused cells and MSCs, when compared to levels in the HepG2/ HepG2-eGFP cells (Fig. 3B ). Gelatin zymography detected higher activities of secreted MMP2 and MMP9 in the fused cells when compared with the activity levels in the HepG2 and HepG2-eGFP cells (Fig. 3C ).
Fused cells are more metastatic in vivo than MSCs or HepG2 cells.
The fused cells, HepG2-eGFP cells and MSCs were orthotopically injected into the left liver lobe of three separate groups of nude mice. After 10 weeks, the survival rate was 28.58% in the fusion group and 57.14% in the HepG2-eGFP group. Gross examination. One hepatocellular carcinoma lesion at the site of orthotopic injection occurred in the left liver lobe of each mouse of the fusion group and the HepG2-eGFP group. Malignant hepatocellular carcinoma lesions were observed around the orthotopic lesion in the injected liver lobes (Fig. 4A and B) . The average number of liver malignant lesions was 4.50±1.29 in the fusion group, and was 2.0±0.82 in the HepG2-eGFP group.
Metastatic carcinoma lesions were present in the lungs of the fusion group and in the HepG2 group. The number of liver metastases showed a statistically significant difference between the 2 groups (Fig. 4C) (p<0.05) . No lesions were found in the livers and lungs of the mice inoculated with the MSCs.
Histological examination. Histological staining and microscopic observation of sections of liver from the mice inoculated with fused cells revealed a hepatocellular carcinoma invading normal liver tissue. At high magnification, a few residual hepatocytes were noted in the carcinoma tissue (Fig. 4D) . However, in tissue sections from the HepG2-eGFP-inoculated group, a well-defined hepatocellular carcinoma was observed. Fibrous connective tissue surrounded the hepatocellular carcinoma, and it did not invade into the normal liver tissue (Fig. 4E) .
Many lung metastatic lesions were obser ved. Representative lung tissue sections from fused cells (Fig. 5A ) and HepG2 cells (Fig. 5B) are shown. The average number of lung metastases present was 3.29±1.89 per pulmonary lobe in the tumors generated by the fused cells, and was 1.25±0.75 in the HepG2-eGFP inoculated mice. As shown in Fig. 5C , the numbers of metastases detected in lung tissue from mice inoculated with the parental and progeny cells are compared. A total of 20 metastatic lesions were detected in lungs of the mice inoculated with fused cells compared to 5 detectable lesions generated in the mice inoculated with the HepG2 cells. No metastases were found in the kidney or brain in any mice. All organs were normal in the mice receiving MSCs. These results indicate that the fusion between the HepG2-eGFP cells and MSCs enhanced tumor metastasis in vivo.
Discussion
It has been argued that the introduction of wild-type tumor suppressors into a recipient cell by fusion should reverse the loss of heterozygosity present in the recipient cell which caused a more malignant phenotype, and should thus, make the recipient cell less transformed and less malignant. The stem cell fusion hypothesis (8) predicts the opposite, that the fused cells would be both more migratory and more invasive. To test this hypothesis, we fused HepG2 low-tumorigenic cancer cells and MSCs and compared the fused cells to each of the parental cell types. These initial experiments support our hypothesis, and indicate that despite our use of cells from two different species to generate the fused cells for our in vivo experiments, the mechanisms of generation of metastatic tumorigenic cells may have common features in different species. Although additional characterization and identification of rat and human DNA in the tumors from fused cells should be conducted, the clear differences in the properties of the parental and progeny cells in these initial experiments indicate that those differences are not simply due to the contamination of fused progeny cells with the HepG2 parent. In most comparisons described in this report, the fused cells possessed more malignancy-associated factors than either parental cell type. Similarly, fusing human gastric epithelial GES-1 cells with human umbilical cordderived MSCs was found to result in malignant transformation of the progeny cells (unpublished data, personal communication from Dr Xianghui He).
Aneuploidy is commonly observed in solid tumor cells, and is considered a hallmark of malignancy. It is also a predicted consequence of the stem cell fusion hypothesis. Numerous reviews and articles have presented data and theories supporting aneuploidy as a cause of cancer [for example (18) ]. Aneuploidy may not always be associated with a pathological state. Aneuploid cells are found in the embryonic brain (19) and in the liver (20) , and do not seem to always create detrimental effects. Several studies (21) support the variability and complexity of the effects and interactions of cellular aneuploidy, chromosomal instability, the presence of other mutations that suppress proliferation (such as p53), or amplify the cellular stresses induced by aneuploidy. Although it has been often suggested that aneuploidy is the event driving the ultimate pre-cancerous to metastatic conversion, the possibility that fusion actually drives the aneuploidy has received less attention. The aneuploidy we observed in the fused cells was maintained for at least 1 month, even though nuclear fusion was observed in the cultured fused cell population after <1 month. The 18% decrease in the average number of chromosomes after 1 month in the fused cells is indicative of chromosomal instability. In fact, an earlier application of the stem cell fusion model by Stein-Werblowsky and Ablin (22) demonstrated hyperchromasia in prostate cancer cells as a consequence of fusion of spermatozoa with normal prostatic epithelial cells. Our findings in this report support the predictions of the cell fusion model, and suggest many additional experiments which could clarify the relationship between fusion, aneuploidy, cancer progression and metastasis.
Since the cultured fused cells had irregular morphology and protruding processes, characteristics of cells undergoing EMT, we compared the expression of markers associated with EMT, a developmental process in which epithelial cells reduce intercellular adhesion and acquire mesenchymal properties, including downregulation of the epithelial marker E-cadherin and upregulation of the mesenchymal markers vimentin, Twist and Snail (23) . In certain tumors, EMT results from tumor cell-MSC-induced fusion (24) . Our western blot assays of fused cell total protein detected a decrease in expression of E-cadherin and an increase in expression of vimentin, supporting the occurrence of an EMT. In addition, both Twist and Snail were highly expressed in the fused cells. These alterations in EMT markers are also associated with invasion and metastasis. The matrix metalloproteinases (MMPs) are a family of ECM-degrading enzymes involved in EMT and cellular migration and invasion. Several MMPs, including MMP2 and MMP9, are induced in HepG2 cells by Snail (25) . MMP9 transcription and cellular invasion are induced by overexpression of Snail in MDCK cells (26) . Increased expression of Snail and secretion of active MMP2 and 9 were observed in the fused cells.
The lack of adequate in vivo models presents a major challenge to both basic research understanding of metastasis and therapeutic development (27, 28) . Fusion between genetically altered cells and stem cells and their use in a tumorigenic and metastatic in vivo assay can be a flexible approach to the development of specific genetically defined and diverse models of metastasis. A recent report described specific genetic alterations of normal human lung epithelial cells which transformed them into tumorigenic cells (29) . These cells were tumorigenic, but not metastatic in a mouse model. The observations made in this in vivo xenograft assay with orthotopic injection of fused cells into livers of nude mice establish further support for an increased metastatic phenotype in fused cells. Increased local invasiveness of the fused cells compared to the HepG2 cells was manifested as more numerous liver tumors as well as more metastatic lung lesions. Multiple models consisting of different cell types with specific genetic alterations fused with stem cells could be developed and evaluated using the Materials and methods described in this manuscript. Such model systems may allow for more accurate screening and testing of therapeutic targets for prevention of the most deadly consequence of carcinogenesis: acquisition of metastatic capacity.
A schematic of the model is illustrated in Fig. 6 . Carcinogenesis is a multi-step process in which genetic mutations can induce an altered hyperplastic cell phenotype which then forms a benign neoplasm and subsequent local tissue damage (Fig. 6A) . Bone marrow-derived cells (stem cells, macrophages and lymphocytes) are recruited to repair the damaged tissue (Fig. 6B) . In the process of normal repair, fusion between an altered cell and a stem cell occurs (Fig. 6C) . The resulting hybrid cell acquires epigenetic properties from the stem cell such as self-renewal, plasticity, and the capability to migrate to and survive in circulation (metastasis) while retaining both epithelial characteristics and mutations from the original tumor cell (Fig. 6D) .
The fusion event is a potential mechanism for transferring stem cell-like properties to the altered cell. It is important to note that traits and qualities of metastatic cells overlap significantly with those of stem cells. This is no coincidence and its importance cannot be overstated. The individual mechanistic elements imparting 'stemness' may include a variety of protein, RNA mediated and/or epigenetic controls. However, regardless of the molecular mechanism(s) responsible, the stem cell may be a wellspring from which the altered cell perverts stem cell potency into metastatic activity.
These experiments were undertaken to test the previously proposed hypothesis that fusion between an altered, potentially premalignant cell, with little or no metastatic ability, and a bone marrow-derived mesenchymal stem cell, could form a hybrid cell with increased metastatic capacity and increased levels of phenotypic markers associated with cancer cells. We demonstrated that i) viable hybrid cells can be generated from fusion of a human liver cancer tumor cell line and rat MSCs, and identified by a double fluorescent label approach. ii) Fused liver-MSC hybrid cells, when orthotopically inoculated into nude mice, formed more tumors at both the liver injection site and at a distant site, the lung, than did control cells from either parental type. iii) The fused cells, compared to parental cells, were aneuploid, expressed higher levels of two matrix metalloproteinases associated with invasion and metastasis, expressed higher levels of markers and regulatory factors associated with an epithelial to mesenchymal transition, and exhibited an enhanced motility in Transwell assays, all phenotypes characteristic of malignant cells. iv) In histological comparisons of representative sections of the nodules formed by fused cells or the liver cancer cell line, tumors arising after fused cell inoculation invaded normal tissue, while those formed after inoculation of the low-metastatic HepG2 cells did not. v) We propose that this system is a very adaptable model for investigation of the mechanisms of metastasis. Specifically, altered cells with known genotypes when fused with MSCs, would yield multiple systems for investigation. We are continuing to expand and develop this approach to the generation of much needed, specific and useful models of metastasis.
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